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A PRELIMINARY TRAJECTORY STUDY FOR LAUNCH FROM
THE MARTTAN SURFACE INTO ORBITS ABOUT THE PLANET

SUMMARY

A preliminary trajectory study was performed to determine the
characteristic velocity requirements and optimum thrust-to-weight ratios
for launch of a single stage vehicle from the Martian surface into
various orbits about the planet. The trajectory consisted of a launch
burn phase, a long suborbital coast phase, and an initial orbit circular-
ization phase. Subsequently, a maneuver was initiated to transfer to a
higher altitude where a circularization into the final orbit was performed.
Trajectory computations were made on the IBM-TO94 digital computer using
a two-dimensional particle trajectory program.

Results of the study are presented in a series of plots showing
minimum characteristic velocities and optimum thrust-to-weight ratios.
Optimum launch burn and coast times are also presented. The results
indicate the presence of an optimum initial orbit altitude if transfers
to higher orbits are made.

INTRODUCTION

As a part of the effort to determine the mission requirements for
future manned spaceflight programs, the Advanced Spacecraft Technology
Division is conducting a continuing study of manned roundtrip missions
to Mars. One phase of this study is a series of trajectory analyses to
determine the velocity requirements for these missions. These requirements
form the basis for selection of mission profiles and the design of the
spacecraft and its subsystems.

This report describes the results of a trajectory study of a single
stage spacecraft launched from the Martian surface into various orbits
about the planet. The primary purpose of this study was to determine
the optimum thrust-to-weight ratios and minimum characteristic velocity
requirements to establish these orbits. Since the Mars launch might be
accomplished with any one of a variety of different propulsion systems,
a secondary purpose was to investigate the effects of specific impulse.
The study was based on a mission profile consisting of the eight phases
illustrated in figure 1 and consisted of a detailed analysis of the
following six phases:

1. Launch




2. Suborbital coast

3, Initial orbit ecircularization
4. Transfer thrusting

5. Transfer to high altitude

6. TPinal orbit circularization

The results of the study are presented in a series of plots showing
the effects of launch burn time and coast time on characteristic velocity
and thrust-to-weight ratio. Characteristic velocities for the transfer
from the initial to final orbit are shown. A curve is presented that
shows the variation of total characteristic wvelocity and optimum initial
orbit altitude with final orbit altitude. Curves showing the effect of
specific impulse on characteristic velocity, optimum launch burn time,
and optimum coast time are also presented.

SYMBOLS
A Area, ft2
Ab Mach number corresponding to maximum drag coefficient
a A mach number greater than Ab
B Drag coefficient at Mach number A.b
Ca Drag coefficient at Mach number a
CD Drag coefficient
CL Lift coefficient
CL Slope of the CL versus a curve, radian -
a
C1 Atmospheric pressure factor

D Drag, 1bs




2.71828
Thrust, 1lbs

Thrust-to-weight ratio (earth)

Acceleration of gravity, ft/se02
Altitude, ft or n. mi.
Specific Impulse, sec

Subsonic drag coefficient

Lift, 1lbs
Mach number

Mass of vehicle, slugs
2
Pressure, 1lbs/ft

Dynamic pressure, lbs/ft2

Radius, ft

Surface range, ft

Time, sec

Velocity, ft/sec

Angle between vehicle axis and velocity vector, radians

Atmosphere decay factor, re7t

Angle between velocity vector and local vertical, deg

Atmosphere density, slugs/ft3

Central angle between vehicle and launch point, deg




SUBSCRIPTS

e Effective or exit

D Planet

vac Vacuun

0 Initial or planet surface conditions

ANATYSIS

Trajectory Program

Trajectory computations for all phases of the study were accomplished
with a two-dimensional digital computer program. The program performed
numerical integration of the equations of motion of a particle moving
under the influence of thrust, drag, 1lift, and gravity over a spherical
non-rotating planet. The force vectors and reference parameters are
illustrated in figure 2 and the equations of motion are described in the
appendix.

The vehicle was assumed to have drag characteristics typical of an
Apollo type vehicle. Equations defining the drag coefficients through-
out the flight regime are presented in the appendix.

Mars Atmosphere

The atmosphere used in this study was assumed to be of the
exponential form described by the equations below:

roh
B ro + h
p=pe (1)
and
p=p (1-c ) (2)
o} 1lp
o)
where

= -1.82230 x 10™2 £t~+

™
[



C, = 1.0025323
r, = 10,930,128 ft
2,4
P, = . 000258693 1bs sec”/ft
2
p, = 182 1bs/ft

The atmosphere used in this study may not agree with the current
MSC mean Mars atmosphere because the MSC mean atmosphere was not avail-
able when the study began.

Trajectory Profile

The trajectory profile consisted of the eight phases described
below and presented pictorally in figure 1.

Taunch. - The vehicle was flown vertically for the first eight seconds
at which time a small angle of attack was initiated. This angle was
increased linearly to a maximum value at 12 seconds and was held constant
for 2Lk seconds. The angle of attack was then decreased linearly to
zero at 40 seconds after liftoff. During the remainder of this phase
the vehicle was flown at zero angle of attack (gravity turn).

Suborbital Coast.- At the end of the launch phase the vehicle was
allowed to coast with only aerodynamic and gravity forces acting on it.
The time of the suborbital coast phase was optimized in conjunction
with the launch burn time to establish the maximum payload delivered to
various orbits about the planet.

Initial Orbit Circularization.- The third phase was the powered
portion of the trajectory necessary to establish the circular orbit
conditions at the desired initial orbit altitude. This circularizing
portion was flown with an angle of attack. The angle was increased
uniformally from zero at ignition to a maximum value 20 seconds later.
This value was maintained until engine shutdown at circular orbit
conditions.

Tnitial Orbit Coast.- No analysis was conducted for this phase.

Transfer Injection.- The angle of attack was varied to maintain a
horizontal flight path angle throughout thrusting.

Transfer To High Altitude.- This phase was a coasting transfer from
initial orbit to the final desired orbit altitude and included gravity
and drag losses.




Final Orbit Circularization.- The velocity required to circularize
into the final orbit was applied impulsively.

Final Orbit Coast.- No analysis was conducted for this phase.

Thrust-to-Weight Ratio Study

The characteristic velocity requirements and optimum thrust-to-
weight ratios were determined for ascent into initial circular orbits
of 75, 100, 150, and 200 nautical miles around Mars. The launch burn
times, coast times, and burn times necessary to circularize the initial
orbits were optimized for various f/w's to establish the maximum payload
to each of the initial circular orbit altitudes. These payloads were
then plotted to establish the optimum f/w for each altitude. Velocity
requirements for transfers from these initial orbits to circular orbits
as high as 1,000 n. mi. were obtained.

The effective specific impulse used in all characteristic velocity
calculations was found to be best obtained as follows:

+ LI
_ 0 vac (3)

Al1 specific impulses referred to in this report are vacuum values
unless otherwise specified.

Optimization of the launch parameters was accomplished as outlined
below. This optimization was conducted assuming an Isp of 386.5 sec.
vac
Select an initial orbit altitude
2. Select a f/w
3., Select a launch burn time
4. Obtain the burnout weight for a series of coast times
5. Repeat steps 3 and 4 for a series of launch burn times
6. Perform steps 2 through 5 for a series of thrust-to-weight ratios
7. Perform steps 1 through 6 for all desired altitudes
By selecting the coast time from step 4 that yields the maximum

weight in orbit, the optimum coast time for a given launch burn time at
a specified f/w and altitude was obtained.



Step 5 resulted in a launch burn time that delivered the maximum
weight to orbit. From steps 4 and 5 optimum launch burn and optimum
coast times were determined for a given f/w and altitude.

Results of step 6 were graphs of launch parameters (that is,
characteristic velocity, optimum launch burn time, optimum coast time,
and circularize burn time) versus thrust-to-weight ratio. The f/w
resulting in minimum characteristic velocity was chosen from these
graphs.

From step 7 optimum launch parameters were obtained for several
initial orbit altitudes.

Data from the results of a study conducted simultaneously were
used to determine the characteristic velocities necessary for elliptical
transfers from the initial circular orbits to the final circular orbits
at higher altitudes. Drag and gravity losses were included in the
non-impulsive thrusting employed to initiate these transfers. These
losses were also included for the transfer maneuver. A kick impulse was
used to circularize the orbit at apoapsis of the transfer trajectory.

Specific Impulse Study

Specific impulse effects on characteristic velocity, optimum launch
burn time, optimum coast time, and circularlize burn time were studied
in a second phase of this analysis. The procedure used in this phase
was similar to that used in the f/w study. The variable f/w was replaced
by the variable Isp’ and f/w was held constant. The optimization scheme

was the same as that outlined previously. No attempt was made to
optimize the f/w at the various Isp's and no Isp effects on the transfers

were investigated. Optimum launch parameters were plotted versus Isp'

RESULTS AND DISCUSSION

Thrust-to-Weight Ratio Study

The results of this portion of the study are presented in figures 3
through 8.

Figures 3%a through 3d show the variation of characteristic velocity,
optimum launch burn time, optimum coast time, and circularizing burn
time with thrust-to-weight ratio for a vacuum specific impulse of
386.5 sec. These figures correspond to initial circular orbit altitudes
of 75, 100, 150, and 200 nautical miles respectively. Tables la through
14 are typical trajectories for ascent to these four initial orbit
altitudes.



Thrust-to-Weight Ratios.- The minimum characteristic velocity was
the criteria used to determine the optimum f/w. These minimum velocities
ranged between 14,695 and 15,221 ft/sec for initial orbits between
75 and 200 nautical miles. The corresponding optimum thrust-to-weight
ratios varied within .918 to .871 respectively. These results were
plotted versus initial orbit altitude and are shown in figure L,

Launch Burn Times.- The launch burn time was optimized as previously
described in the analysis section. The variation of optimum burn time
with f/w is shown for all four initial orbit altitudes in figures 3a
through 3d. The optimum values decrease with increasing f/w for all
orbital altitudes. The optimum launch burn times corresponding to the
optimum f/w's are 153, 184, 21k, and 233 seconds for initial orbit
altitudes of 75, 100, 150, and 200 n. mi. respectively.

Varying the launch burn time *10 seconds from optimum resulted in
approximately a 50 ft/sec increase in the characteristic velocity
requirement to obtain the 200 n. mi. orbits. The velocity increase was
less at the lower orbit altitudes.

Suborbital Coast Times.- The method used to obtain the optimum
suborbital coast time was also described in the analysis section.
Optimum coast time was not found to be critical. For example, a
125 second deviation from the optimum coast time resulted in an increase
of only 50 ft/sec in the characteristic velocity requirements for a
75 n. mi. initial orbit. Suborbital coast time was found to be even
less sensitive for the higher initial orbital altitudes.

The optimum coast time trend with f/w showed some variation with
initial orbit altitude. For a 75 n. mi. orbit, coast time increases
with increasing f/w; for 100 n. mi. there is practically no variation;
and for 150 and 200 n. mi. orbits, optimum coast time decreases as
f/w increases.

For optimum f/w, the optimum coast time increases with increasing
initial orbit altitude. Figure 5 shows these times to be 175, 2&5, 580,
and 520 seconds for the altitudes 75, 100, 150, and 200 n. mi.
respectively.

Initial Circularize Burn Times.- The initial circularize burn time
was that time necessary to go from conditions at the end of coast of
initial circular orbit conditions. The circularization burn times at
optimum f/w were plotted against initial orbit altitude and are shown
in figure 5.

Transfer to Final Orbit.- Transfers from the initial orbits to the
final orbit altitudes were investigated. Figure 6 shows the character-
istic velocities required to transfer from the initial orbit to the
final orbit altitude and circularize.




Total Characteristic Velocity Requirements.- The total characteristic
velocity requirements were obtained by combining the characteristic
velocity required to establish the initial orbit with those required
to transfer to the final orbit altitude and circularize. The results
are presented in figure 7 where it is seen that for each final orbit
there is an optimum initial orbit altitude. The optimum occurs very
near 100 n. mi. for all final orbit altitudes. Figure 8 gives the total
characteristic velocity requirements and optimum initial orbit altitude
for various final orbits. The total characteristic velocity require-
ments ranged between 15,173 and 16,850 ft/sec for final orbit altitudes
between 200 and 1,000 n. mi. if the initial orbit altitudes were
102.5 and 99.8 n. mi., respectively.

There exists a final orbit below which it is impractical to make
the above elliptical transfer. Below this altitude the small velocity
savings obtained by passing through an initial orbit do not compensate
for the additional operational complexity introduced by the presence
of the transfer maneuver. For example, the characteristic velocity
savings for a 200 n. mi. final orbit is approximately 50 ft/sec. It is
not the intent of this paper to define the orbital altitude below which
the use of an initial orbit is impractical.

Specific Impulse Study

The results of the specific impulse study are presented in
figures 9a through 9d showing characteristic wvelocity, optimum launch
burn time, optimum suborbital coast time, and initial orbit circularize
burn time as a function of specific impulse. These results were obtained
using the procedure described in the analysis section. The analysis
was based on a constant f/w of 0.828, and the specific impulses
investigated were 321, 372, 386, 401, and 432 seconds. The study did
not investigate the transfers from initial to final orbits.

Launch Burn Times.- Launch burn time was found to increase as IS

increased for all initial orbit altitudes investigated. This increase
was anticipated because inereasing the ISp reduces the propellant flow

rate resulting in a lower acceleration.

Suborbital Coast Times.- Suborbital coast time wvariation with IS

was found to be a function of initial orbit altitude. At 75 nautical
miles orbit altitude, coast time decreased as Isp was increased. For

100 nautical mile orbits there was little change. Optimum coast time
increased with increasing specific impulse at 150 and 200 nautical
mile orbits.
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Circularize Burn Times.- Circularizing burn time showed no
particular pattern except that its' variation with Isp was small.

Characteristic Velocity Requirements.- At the higher Isp's, it was

expected that the higher gravity losses combined with the lower drag
losses would result in a larger characteristic velocity. However,
characteristic velocity requirements were found to decrease with
increasing Isp' Table II compares Isp's 432 sec and 321 sec trajectories

for launch into a 150 n. mi. initial circular orbit. Losses due to the
angle of attack are not included because they are small and nearly equal
for both cases.

Examination of the table reveals that the drag losses are less for
the higher Isp’ but only by 56 ft/sec. This difference was attributed

to the lower acceleration of the higher ISp vehicle.

Gravity losses for the 432 sec Isp case were 122 ft/sec less than
for the 321 sec Isp case, because the optimum trajectory for the high
Isp case required a more nearly horizontal flight path angle than the
low Isp case. The flight path angle was more nearly horizontal for the
higher ISp case because the longer burning allotted more time to reach
the final altitude.

The result of these drag and gravity losses is a lower characteristic
velocity at the higher specific impulse.

CONCLUSIONS

An investigation of the launch of a single stage vehicle from the
Martian surface according to the described trajectory has been completed.
The following conclusions were obtained from the results of the thrust-
to-weight (fixed Isp) study.

1. The optimum initial orbit altitude is approximately 100 nautical
miles.

2. The optimum thrust-to-weight ratio is .895.

3. Optimum launch burn and coast times are 184 and 245 seconds,
respectively.
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4. Taunch burn and coast times are not critical.
5. Minimum characteristic velocities are between 15,180 and

16,850 ft/sec for final orbit altitudes between 200 and
1,000 nautical miles.

. The results of the specific impulse (fixed f/w) study can be
summarized as follows. Increasing the specific impulse resulted in:

1. A decrease in characteristic velocity requirement
2. An increase in launch burn time

3. A decrease in coast time for initial orbits below 100 n. mi. and
an increase in coast time for initial orbits above 100 n. mi.

L. TLittle change in circularize burn time for any given initial
orbit altitude.

Multiple stage vehicle launches remain to be investigated.
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Figure 1,- Vehicle trajectory diagram,
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APPENDIX

Equations of Motion

Basic equations.- The equations of motion used in this analysis were
obtained by considering a particle moving over a spherical non-rotating
planet under the influence of gravity, 1ift, thrust, and drag. The force
vectors and reference parameters are illustrated in figure 2. Following
the technique of reference 1, forces were summed parallel and perpendi-
cular to the velocity vector to obtain the equations of motion.

my = £ cos & - D - mg cos O (1)
m® = f sin o + L + mg sin 6 - mv¢ (2)
where
} = = sin © (3)
£=f + A (p, - p) (1)
m=m - m(t-1t) (5)
L = CL aq A (6)
a
1V
q = 5 p (8)
) 2
»
g =g, | = (9)
r=1r +h (lO)
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The equations of motion (1) and (2) were numerically integrated to
give the velocity and flight path angle as a function of time.

t

v = ¥ dt (11)
°©_ %

e=fédt (12)

o}

Altitude and ground range were then obtained from the following
integrations:

t
h=fvcosedt (13)
o t
S=rfv51n9dt (14)
p r
o

Drag Equations.- Drag was varied along the trajectory as follows:

= < <
Cp = K 0< M< Mo (15)

K 1%
2
¢y =K +—=- ¢ Mo <M< (16)
D WM

where K_L’ K2, K3 , and Mo are constants given by

K,=2A °(B-X,) (28)
K5y 5 (19
M2=K2_1/£22_u}% (K - ) (20

o) 2(KO - Kl)
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For the present

Ko =

Ab =

study, the following constants were used

0.635
1.4

1.08
4.0
0. 705

2. 86 /RAD

5541-64



